The fabrication of manganese oxide-carbon composite microspheres with open nanochannels and their electrochemical performance as anode materials for lithium ion batteries are investigated. Amorphous-like Mn 3 O 4 nanoparticles embedded in a carbon matrix with three-dimensional channels are fabricated by one-pot spray pyrolysis. The electrochemical properties of the Mn 3 O 4 nanopowders are also compared with those of the Mn 3 O 4 -C composite microspheres possessing macropores resembling ant-cave networks. The discharge capacity of the Mn 3 O 4 -C composite microspheres at a current density of 500 mA g 21 is 622 mA h g 21 after 700 cycles. However, the discharge capacity of the Mn 3 O 4 nanopowders is as low as 219 mA h g 21 after 100 cycles. The Mn 3 O 4 -C composite microspheres with structural advantages and high electrical conductivity have higher initial discharge and charge capacities and better cycling and rate performances compared to those of the Mn 3 O 4 nanopowders.
B
ecause of the increasing demand for Li-ion batteries (LIBs) with high power, there is a need for new electrode materials with high performance capabilities. Recently, various transition metal oxides such as MnO x , CoO x , NiO x , and FeO x have been considered as promising anode materials for LIBs because of their high lithium storage capacity, low cost, and low toxicity [1] [2] [3] [4] [5] . However, large volume change of the transition metal oxides during the Li-ion insertion/extraction process, which leads to electrode pulverization and rapid capacity fade, produce limitations for practical applications as anode materials [6] [7] [8] . Many methods have been undertaken to overcome the problems of transition metal oxides by modification or fabrication with controlled morphology [9] [10] [11] [12] . Among the various techniques, fabrication of composite electrode materials with diverse carbonaceous materials and metal oxides has been demonstrated as a promising strategy for enhancing the electrochemical performance [13] [14] [15] [16] [17] . In particular, nano-sized metal oxides embedded in amorphous carbon matrix have been reported to exhibit good cycling stability because amorphous carbon matrix can buffer the volume change and prevent agglomeration of metal oxide during cycling [18] [19] [20] [21] . However, the formation of metal oxide-carbon composite materials with large sizes and dense structures increased the lithium ion diffusion path, despite the improvements in electrical conductivity of composite materials 22 . Development of novel metal oxide-carbon composite electrode materials has attracted much attention for enhancing the cycling as well as the rate performance. Fabrication of porous structured metal oxide has been demonstrated as an efficient strategy as the pores can accommodate the strains of Li-ion insertion/extraction and offer a short path for Li-ion and electron transport [23] [24] [25] . In particular, porous structured metal oxides with connective and open channels such as the three-dimensional ordered macroporous structure and ant-cave structure have exhibited superior electrochemical performance owing to the connective and open channels permitting electrolyte penetration and fast kinetics [26] [27] [28] [29] [30] . Fabrication of manganese oxides with diverse stoichiometric compositions such as MnO, MnO 2 , Mn 2 O 3 , and Mn 3 O 4 and application for LIBs has been widely reported because of their abundance and non-toxicity; however, because of their inherent limitations such as poor rate performance and cycling stability, the development of novel structured MnO x still remains as a great challenge for enhancing electrochemical performances [31] [32] [33] [34] [35] [36] . nanoparticles were uniformly embedded in carbon matrix with three dimensional channels. The carbon matrix and open nanochannels are valuable in the accommodation of volume change and facilitation of fast ion transport. The manganese oxide-carbon composite microspheres with three-dimensional channels exhibited superior electrochemical performance compared with those composed of well-faceted nanoparticles with a high degree of crystallinity.
Results
Spherical shape Mn 3 O 4 -C composites with macropores were prepared by a simple one-pot spray pyrolysis process. The macropores, which are connected within the composite powder producing a system similar to ant-cave networks, can be occupied by liquid electrolytes during cycling to improve the rate performance of the composite microspheres by decreasing Li-ion diffusion distance for Li-ion transfer from or to liquid electrolyte. The carbon component improves the electrochemical properties of the Mn 3 O 4 -C composite by increasing the electrical conductivity of the powders and minimizing the crystal growth of Mn 3 O 4 during the preparation process. The uniform embedding of the Mn 3 O 4 nanocrystals in the carbon matrix improves the structural stability of the Mn 3 O 4 -C composite powders during cycling. The macropores and carbon components also improve the cycling performance of the composite microspheres by acting as buffer layers, which can accept the large volume change of Mn 3 O 4 during cycling. In this study, polystyrene (PS) nanobeads, which can be easily decomposed into water vapor and CO 2 gas under nitrogen atmosphere, were applied to form the macropores within the composite powder. The voids formed by decomposition of PS nanobeads resulted in the macropores within the Mn 3 O 4 -C composite microspheres by structural change at a high preparation temperature of 800uC.
The morphologies of the Mn 3 O 4 -C composite microspheres prepared directly by spray pyrolysis are shown in Figure 1 . The SEI layer was formed at the surface of the electrode materials during the first discharge process because of irreversible electrochemical decomposition of the liquid electrolyte The main reduction peaks shifted to higher potentials from the second cycle due to the improved kinetics of electrode by formation of ultrafine nanoclusters after the first cycle 42, 43 . The oxidation peaks of the Mn 3 O 4 -C composite microspheres and Mn 3 O 4 nanopowders were also different, being exhibited at 1.08 and 1.25 V, respectively. The gradual destruction of the structure of the Mn 3 O 4 -C composite microspheres during first few cycles decreased the intensities of the CV curves in Figure 4c . Figure 5a shows the cycling performances of the Mn 3 O 4 -C composite microspheres and Mn 3 O 4 nanopowders at a current density of 500 mA g 21 . The two samples had similar initial discharge and charge capacities at a high current density of 500 mA g 21 because of the short lithium-ion diffusion distances of the two samples. However, the two samples had different cycling properties at a current density of 500 mA g 21 as shown in Figure 5a . The discharge capacities of the Mn 3 O 4 nanopowders decreased continuously from 1195 to 219 mA h g 21 during 100 cycles. On the other hand, the discharge capacities of the Mn 3 O 4 -C composite microspheres decreased to 452 mA h g 21 during the first 26 cycles and then increased to 622 mA h g 21 up to 700 cycles. The gradual increase in the capacity of the Mn 3 O 4 -C composite microspheres was attributed to the formation of a polymeric gel-like film on the active material [44] [45] [46] . The gradual destruction of the structure of the Mn 3 O 4 nanopowders during cycling decreased the discharge capacities. On the contrary, the structural stability of the Mn 3 O 4 -C composite microspheres at a high current density resulted in the high discharge capacity of 622 mA h g 21 after 700 cycles. The higher Coulombic efficiencies of the Mn 3 O 4 -C composite microspheres compared with those of the Mn 3 O 4 nanopowders during cycling as shown in Figure 5b reveal the structural stability of the composite microspheres. The decrease in discharge capacity during the early stages of the cycling process for the Mn 3 O 4 -C composite microspheres can be attributed to phase transformation of the crystalline Mn 3 O 4 structure to an amorphous-like structure upon cycling composite microspheres resulted in their effective accommodation of volume change and good structural stabilities during cycling. Figure 6a shows the rate performances of the Mn 3 O 4 -C composite microspheres investigated at various current densities between 100 and 900 mA g 21 . The composite microspheres had stable discharge capacities after 10 cycles. Therefore, the rate performances of the composite microspheres at current densities between 300 and 900 mA g 21 can be estimated from the result of Figure 6a . The discharge capacities of the Mn 3 O 4 -C composite microspheres at the 10 th cycle with consecutive increases in the current densities to 100, 300, 500, 700, and 900 mA g 21 were 606, 478, 436, 418, and 401 mA h g Figures 6b and 6c show the impedance spectra of the Mn 3 O 4 nanopowders and Mn 3 O 4 -C composite microspheres with macropores resembling ant-cave networks before and after 50 cycles. The Nyquist plots indicate compressed semicircles in the medium frequency range of each spectrum, which describe the charge transfer resistance (R ct ) for these electrodes, and straight lines in the low frequency range, which is associated with Li-ion diffusion in the bulk of the active materials 47, 48 . After cycling, both the Mn 3 O 4 -C composite microspheres and Mn 3 O 4 nanopowders present decreased charge transfer resistances because of their phase transformation from crystalline to amorphous during Li-ion insertion/extraction. It is well known that the amorphous-like metal oxides exhibit faster kinetics than crystalline metal oxides. Contrary to the Mn 3 O 4 nanopowders, the inclined line in the low frequency range of the Mn 3 O 4 -C composite microspheres still maintained as shown in Figure 6c . This behavior was contributed to the stable Li-ion diffusion of the Mn 3 O 4 -C composite microspheres. The Mn 3 O 4 -C composite microspheres have smaller charge transfer resistance and higher lithium diffusivity after 50 cycles than those of the Mn 3 O 4 nanopowders as shown in Figure 6c . Therefore, the Mn 3 O 4 -C composite microspheres with structural advantages and high electrical conductivity have higher initial discharge and charge capacities and better cycling and rate performances compared to those of the Mn 3 O 4 nanopowders.
Discussion
The superior electrochemical performances of the Mn 3 O 4 -C composite microspheres were attributed to their unique structural features as shown in schematic illustration ( Figure S2 
Methods
Material fabrication. Mn 3 O 4 -C composite microspheres with macropores and Mn 3 O 4 nanopowders were fabricated using the ultrasonic spray pyrolysis process and flame spray pyrolysis process respectively as described in a previous report [49] [50] [51] . The schematic diagrams of the ultrasonic spray pyrolysis and flame spray pyrolysis systems are described in Figure S3 oxidizer, and carrier gas of the flame spray pyrolysis system were fixed at 5, 40, and 10 L min 21 , respectively.
Characterization. The morphologies of the Mn 3 O 4 powders were investigated through scanning electron microscopy (SEM, JEOL JSM-6060) and transmission electron microscopy (FE-TEM, JEM-2100F). Thermal gravimetric analysis (TGA, SDT Q600) was performed in air at a heating rate of 10uC min 21 to determine the amount of carbon in the powders. The crystal structures of the powders were investigated by X-ray diffractometry (XRD, X'Pert PRO MPD) using Cu Ka radiation (l 5 1.5418 Å ) at the Korea Basic Science Institute (Daegu). The surface area of the powders was measured by the Brunauer-Emmett-Teller (BET) method using N 2 as the adsorbate gas.
Electrochemical measurements. The electrochemical properties of the Mn 3 O 4 powders were analyzed in a 2032-type coin cell. The anode was prepared from a mixture of the active material, carbon black, and sodium carboxymethyl cellulose (CMC) in a weight ratio of 75251. Li metal and a microporous polypropylene film were used as the counter electrode and separator, respectively. The electrolyte was 1 M LiPF 6 dissolved in a mixture of fluoroethylene carbonate/dimethyl carbonate (FEC/DMC; 151 v/v The discharge/charge characteristics of the samples were investigated through galvanostatic tests (wbcs 3000 battery cycler) at a voltage window of 0.001-3 V. Cyclic voltammograms were measured at a scan rate of 0.1 mV s
21
. Electrochemical impedance spectra were determined using AC electrochemical impedance spectroscopy (EIS) with a ZIVE SP1 over a frequency range of 0.01 Hz-100 kHz and potential amplitude of 10 mV.
